We have re-examined the nucleotide sequence of Vicia faba (broad bean) 5.8S rRNA using partial chemical degradation and a new approach to high temperature (65-80°C) sequencing gels. The results indicate that the secondary structure was not completely disrupted in previous studies (Tanaka, Y., Dyer, T.A. and Brownlee, G.G. (1980) Nucleic Acid Res. 8, 1259-1272) and explain ambiguities between the nucleotide sequence and T^ ribonuclease digests. Despite this revision, estimates in the secondary structure suggest that this 5.8S rRNA differs from previously examined examples in two respects, more open conformations in both the "GC-rich" and "AU-rich" stems. The secondary structure was probed under a -variety of ionic conditions using limited pancreatic and T^ ribonuclease digestion and rapid gel sequencing techniques. These studies and theoretical considerations generally supported the "burp gun" model previously proposed for all 5.8S rRNAs and were inconsistent with the recently suggested "cloverleaf" configuration. More importantly, they were also consistent with more open stem structures in this higher plant.
INTRODUCTION
In recent years a number of different rapid RNA sequencing methods have been developed based on either enzymatic or chemical degradation of endlabeled RNA followed in each case by an analysis of the fragments on high resolution polyacrylamide gels (1) (2) (3) (4) (5) (6) (7) (8) . Several of these methods were evaluated by examining the sequence of yeast 5.8S rRNA (2, 6) and two new sequences for Drosophila (9) and broad bean (8) 5.8S RNA have been reported using these approaches. Because very stable secondary structure can result in anomolous separations or a compression of bands during electrophoresis, attempts have been made to eliminate this problem by using high concentrations of urea (8) , high temperatures (8) or chemical modifications which block the formation of secondary structure (10) . In the case where yeast 5.8S RNA was examined (6) all secondary structure, including that of the universal "GC-rich" stem (11), was eliminated using urea and an elevated temperature.
Assuming that a common role for the 5.8S RNA molecule in ribosome structure or function should result in universal features in the secondary structure, two generalized models for free 5.8S RNA (not associated with 25-28S rRNA) have been suggested (11, 12) . About 12 different 5.8S rRNA sequences are now known (see ref. 13 ) and, in every instance, estimates of the secondary structure included a common very stable "GC-rich" stem. With the recently reported (8) nucleotide sequence of a 5.8S RNA from a higher plant, broad bean (Vicia faba), however, a continuously based paired "GCrich" stem cannot be predicted, apparently an exception to the previously generalized features.
In their report on broad bean 5.8S RNA, Tanaka, Dyer and Brownlee (8) noted that their nucleotide sequence did not entirely agree with previously reported (14) products of T^ ribonuclease digestion (e.g. C^G was not predicted by T^ ribonuclease analysis). Because sequence comparisons suggest that these discrepancies are within or adjacent to the universal "GC-rich stem" we speculated that a very stable secondary structure might account for the differences and that the secondary structure of plant 5.8S rRNA might be entirely comparable to previous observations. In our attempts to disrupt this putative stable stem we first used higher voltages during electrophoresis in order to elevate the temperature (e.g. ref.
) .
Although temperatures up to 60°C could be attained, at higher temperatures localized hot streaks developed, the glass plates frequently cracked, and the electrophoretic patterns were unacceptably distorted. To overcome these limitations we adapted an external heat source and have been able to successfully carry out electrophoresis using temperature up to 80°C. The results indicate that the nucleotide sequence of the "GC-rich stem" in broad bean 5.8S RNA differs from that which was recently reported.
MATERIALS AND METHODS
(1) Determination of the Nucleotide Sequence Broad bean RNA was extracted from the leaves of 18 day old plants using an SDS-phenol method at 65°C as previously described (11) . The RNA was dissolved in 50% fonnamide, heated at 65°C for 3 minutes, and fractionated by electrophoresis on an 8% polyacrylamide slab gel at pH 8.3 (15) . The purified RNA was labeled at the 3' -end with cytidine 3', 5
1 -(5'-32 P) biphosphate (Amersham Corp.) using RNA ligase (P-L biochemicals, Inc.) and repurified on a 12% polyacrylamide sequencing gel (6) . The nucleotide sequence was determined primarily by chemical degradation techniques, de-scribed by Peattie (6) , with some changes in the reaction conditions. For the base modification reactions, 0.5 yl dimethyl sulphate for 55 seconds at 90°C, 1 pi diethyl pyrocarbonate for 10 minutes at 90°C, 3.0 M NaCl/hydrazine for 12 minutes at 0°C, and 50% hydrazine for 10 minutes at 0°C were used for guanine, adenine, cytosine, and uracil, respectively. After aniline cleavage, the samples were dissolved in 10 yl formamide containing 0.03% bromophenol blue and 0.03% xylene cyanol (1) heated for 3 minutes at 90°C
and loaded on a 12% polyacrylamide sequencing gel (6) containing 8.5 M urea.
For normal electrophoretic analyses, half of each sample was loaded after prerunning the gel at 1050 volts for 30 minutes and the other half 16 hours later. The electrophoretic separation was carried out at 1050 volts for a total of 24 hours and the fragments were analyzed after autoradiography using Kodak XR-1 X-ray film. For high temperature fractionations a special apparatus was adopted to minimize the distortions normally experienced at high temperatures. As shown in Figure 1 , the samples were applied to a normal vertical sequencing gel with one modification; the buffer trays and electrophoresis was continued using the same buffer and containers (B).
The gel was prerun at 1050 volts for 2 hours and high temperature separations were conducted at 1000-1500 volts.
were completely portable. The gel was prerun at 1050 volts for 2 hours to avoid electrophoretic fronts. Once the samples had entered the gel as indicated by the dye markers (about 5 minutes) electrophoresis was discontinued and the gel was placed horizontally on an aluminum block preheated (6O-8O°C) using an external hot water circulating bath (Forma Scientific). For this purpose we modified a Savant FB 30 Flat Plate electrophoresis apparatus (Savant Instruments, Inc.) but any similar arrangement is acceptable. The buffer tanks were also transferred to reduce electrophoretic front effects and the electrophoretic separation was continued using 1000-1500 volts.
(2) Secondary Structure Analyses
The secondary structure of broad bean 5.8S rRNA was probed using partial digestion with varying amounts of pancreatic or T^ ribonuclease under different ionic conditions. In most of the experiments, in vitro labeled RNA (25 ug of 32 P-labeled RNA + carrier in 20 ul of appropriate buffer was digested with 0.025 ug of pancreatic of T;L ribonuclease for 10 minutes at 0°C. The digestion was terminated by SDS-phenol extraction and the samples were dissolved in formamide for analysis by electrophoresis as described above.
Aliquots of 32 P-labeled RNA, chemically degraded at adenylic acid residues or an aniline treated control, were also applied as markers for the nucleotide sequence.
RESULTS and DISCUSSION
(1) Nucleotlde sequence of Broad Bean (Vicia faba) 5.8S rRNA
The primary nucleotide sequence of the "GC-rich" stem region in broad bean 5.8S rRNA as determined by the rapid chemical degradation methods of
Peattie (6) was identical with that determined by Tanaka, Dyer and Brownlee (8) with one significant change: the -G-C-C-C-C-G-sequence (residues 118-123) was actually -G-C-G-C-C-C-G-. As indicated in Figure 2 , (broken lines) the sequence which was actually read from a standard sequencing gel (6) was identical to that reported earlier except for two ambiguous areas. In the first instance the sequence (residues 139-143) appeared to be -A-G-G-Crather than the -A-G-G-G-C-sequences which was reported (8); and in the second case (residues 118-121), there was a broad dark band in both the sequencing lanes and the aniline control although the sequence which could be read was identical to the previous report.
Both of these ambiguities could be resolved by electrophoresis at 67°C.
This temperature could easily be attained by using an external heat source ( Fig. 1) which also acted as a heat sink minimizing commonly observed local-G A C U Ctl As shown in Figure 3 , when the secondary structure of the "GC-rich" stem region of the molecule was completely disrupted and analyzed, the correct nucleotide sequences -A-G-G-G-C-(residues 139-143) and -U-U-G-C-G-C-C-C-G-A-U-(residues 116-126) were easily read from the sequencing gel. The first sequence is identical to that previously reported. In the second instance, the additional guanyllc acid residue in the published G-C-C-C-C-Gp sequence (residues 118-124) predicts two T^ ribonuclease digestion products C-Gp and C-C-C-Gp and explains why C-C-C-Gp was reported earlier in T]_ ribonuclease digests (14) rather than the C-C-C-C-Gp which was observed using a sequencing gel (8) . This change increases the overall degree of sequence homology between broad bean 5.8S rRNA (plant RNA) and other 5.8S RNAs species (Fig. 4 ) , adding further emphasis to the very high degree of sequence conservation among 5.8S RNAs.
(2) The Secondary Structure of Free Broad Bean (Vicia faba) 5.8S rRNA
The secondary structure of free bean 5.8S rRNA could be estimated using either the "burp gun" (11) or "cloverleaf" (12) generalized scheme for isolated 5.8S rRNA. As was recently shown for Thermomyces lanuginosus 5.8S
RNA (18) , however, on a theoretical basis the "burp gun" model shown in Figure 5 had a significantly greater net stability with a free energy of about -60 kcal versus -32 kcal for the "cloverleaf" configuration. Both models share two features: a base-paired interaction between the termini (residues 5-20 and 145-161) and a "GC-rich" stem (residues 120-143), but differ significantly in the remaining interactions particularly with respect to residues 67-119. The alternate configuration for these residues is also shown in Figure 5 . Even with the corrected bean 5.8S RNA sequence a surprising feature of both models is the incompletely base-paired "GC-rich" stem (residues 120-143); all other 5.8S RNAs that have been examined contain a continuously paired hairpin structure. The "burp gun" estimate for the broad bean RNA also differs from other 5.8S RNA species in a more open "AU-rich" stem structure (residues 70-76). In this sense the plant RNA is an exception although, as shown in Figure 2 , the overall structure is still very stable.
Confirmatory evidence for the secondary structure, particularly the more open conformations in the "GC-rich" and "AU-rich" stems, was obtained by partial As shown in Figure 5 , generally the results of limited digestion strongly supported the "burp gun" model (11) and rejected the "cloverleaf" configuration (12) . With the former estimate all the cleavages occurred at or near unpaired regions. In the alternate conformation for residues 67-119, Figure 8 . Cleavages in the 5' end of labeled broad bean 5.8S rRNA after partial digestion with pancreatic or Tr ibonuclease. Labeled RNA (25 ug) was incubated with various concentrations of ribonuclease as described in Figure 7 but the fragments were fractionated for 20 hours on a 12% poly aerylamide gel at 1050 volts. U dieted bulge (Fig. 5) in the centre of this stem.
Although several laboratories have recently suggested that in the ribosome the eukaryotic 5.8S rRNA interacts with its cognate 25-28S rRNA component through sequences in its 5' and 3' ends (9, (19) (20) (21) , a number of studies have shown that the termini of free 5.8S RNA molecules are basepaired to various degrees (11, 17, 18, 22) . As shown in Figure 5 , this interaction in the broad bean 5.8S RNA appears to be relatively stable with a theoritical free energy (16) of about24 kcal. To further confirm this interaction the susceptibility of the 5' end to enzymatic digestion was examined more closely. As shown in Figure 8 , even with very low enzyme concentrations, no significant cleavages were observed except for minor bands which were also found in the control lane. Since the 5.8S RNA is transcribed prior to its cognate 26 rRNA component (23) this interaction will have to be considered in any model for the formation of the 5.8S-26S rRNA junction ^n vivo.
In general, Ti ribonuclease digestion was a much better probe for the 5' half of the broad bean 5.8S RNA because residues 131 and 132 were especially susceptible to pancreatic ribonuclease digestion. Nevertheless the slight cleavage at U26 confirmed the buldge opposite the "GC-rich" stem ( Figure 2 ) .
The more intense band at about residue 54 which was present in most lanes including the control lane, appeared to be an artifact of RNA preparation or of the sequencing gel.
While the results generally support the "burp gun" model for the secondary structure of free 5.8S RNA they also suggest that there is a very significant tertiary structure. As shown in Figure 6 , the degree of cleavage at a number of residues which are not involved in the putative secondary structure (e.g. residue 153, 148, 131, 105, 106, 59, and 53) is very sensitive to the ionic environment. It is tempting to speculate that sequences such as -A-A-A-(residues 56-58) may interact with -U-U-U-(residues 103-105) in the presence of magnesium and high salt, greatly minimizing the cleavages at residues 59, 105, and 106. Such conclusions, however, must await crosslinking and X-ray crystallographic studies. At the moment it is clear that the various experimental and theoretical data which have been compiled adequately fit only the "burp gun" estimate for the secondary structure although a more open conformation is observed in broad bean 5.8S rRNA. 5.8S
RNA molecules from other plant species will have to be examined to see if this is a generalized feature of higher plants.
